The culturability of abundant members of the domain Bacteria in North Sea bacterioplankton was investigated by a combination of various cultivation strategies and cultivation-independent 16S rRNA-based techniques. We retrieved 16S rRNA gene (rDNA) clones from environmental DNAs and determined the in situ abundance of different groups and genera by fluorescence in situ hybridization (FISH). A culture collection of 145 strains was established by plating on oligotrophic medium. Isolates were screened by FISH, amplified ribosomal DNA restriction analysis (ARDRA), and sequencing of representative 16S rDNAs. The majority of isolates were members of the genera Pseudoalteromonas, Alteromonas, and Vibrio. Despite being readily culturable, they constituted only a minor fraction of the bacterioplankton community. They were not detected in the 16S rDNA library, and FISH indicated rare (<1% of total cell counts) occurrence as large, rRNA-rich, particle-associated bacteria. Conversely, abundant members of the Cytophaga-Flavobacteria and gamma proteobacterial SAR86 clusters, identified by FISH as 17 to 30% and up to 10% of total cells in the North Sea bacterioplankton, respectively, were cultured rarely or not at all. Whereas SAR86-affiliated clones dominated the 16S rDNA library (44 of 53 clones), no clone affiliated to the Cytophaga-Flavobacterum cluster was retrieved. The only readily culturable abundant group of marine bacteria was related to the genus Roseobacter. The group made up 10% of the total cells in the summer, and the corresponding sequences were also present in our clone library. Rarefaction analysis of the ARDRA patterns of all of the isolates suggested that the total culturable diversity by our method was high and still not covered by the numbers of isolated strains but was almost saturated for the gamma proteobacteria. This predicts a limit to the isolation of unculturable marine bacteria, particularly the gamma-proteobacterial SAR86 cluster, as long as no new techniques for isolation are available and thus contrasts with more optimistic accounts of the culturability of marine bacterioplankton.
ZoBell's landmark paper on the taxonomy and abundance of marine bacteria (60) essentially defined this group for a long time. The species then most frequently cultured from marine water samples belonged to the genera Pseudomonas, Vibrio, Spirillum, Achromobacter, Flavobacterium, and Bacillus, and these were assumed to be dominant in marine waters.
The discrepancy between direct microscopic enumeration and plate counts of bacteria was first pointed out by Jannasch and Jones (27) . They attributed it to the presence of bacteria in aggregates, to selective effects of the media used, and to the presence of inactive cells. In 1982, Colwell and coworkers developed the viable-but-nonculturable hypothesis (59) . Ferguson et al. showed that Ͼ99.9% of the natural bacterioplankton community in seawater could not be cultured on Marine Agar 2216 (13) . Cultivation failed to solve the discrepancy for a long time. It was left to the cultivation-independent rRNA approach, most notably to 16S rRNA gene (rDNA) clone libraries, to reveal the high additional diversity of marine bacterioplankton communities (7, 11, 15-17, 35, 42) . In the Atlantic and Pacific Oceans, most of the sequences clustered within the alpha (e.g., SAR11 and SAR116) and gamma (e.g., SAR92 and SAR86) subclasses of Proteobacteria and two novel groups of Archaea were found. 16S rDNA sequences of previously isolated marine bacteria (e.g., Pseudomonas, Rhodobacter, and Arthrobacter spp.) were also occasionally retrieved, but their in situ abundances remained unknown (6, 55) .
In view of the difficulty of isolating common marine bacteria, dilution culture methods were applied (10) . This led to strategies for optimizing viability determinations and eventually to the pure culture of, so far, only one strain of a probably typical marine oligocarbophilic bacterium (48) . In contrast, based on DNA-DNA hybridization of the genomic DNAs of isolates obtained with the traditional ZoBell medium against community DNA, it has been suggested that readily culturable bacteria are abundant in the marine water column (21, 22, 40, 44) . The aim of this study was to address these discrepancies by evaluating which microorganisms in the North Sea bacterioplankton are readily culturable. For this, we combined cultivation on defined oligotrophic medium with cloning of PCRamplified environmental 16S rDNAs and fluorescence in situ hybridization (FISH).
MATERIALS AND METHODS
Sampling and fixation. In September and November 1997 and February and August 1998, surface water samples were collected at a 1-m depth in acid-washed and seawater-prerinsed 50-liter polyethylene containers. The sampling station Helgoland Roads (54°09ЈN, 7°52ЈE) is near the island of Helgoland, approximately 50 km offshore in the German Bay of the North Sea. Samples were stored at 4°C and further processed within approximately 5 h.
For DNA extraction, prefiltered picoplankton (cellulose nitrate filter; diameter, 47 mm; pore size, 5 m; Sartorius AG, Göttingen, Germany) was collected in September 1997 and unfiltered picoplankton was collected in November 1997 by filtration of 1 to 3 liters of water on white polycarbonate filters (diameter, 47 mm; pore size, 0.2 m; type GTTP2500; Millipore, Eschborn, Germany).
For FISH, 10-to 100-ml samples of unfiltered seawater were fixed with formaldehyde (final concentration, 2% [wt/vol]) for 30 min at room temperature, collected on white polycarbonate filters (diameter, 47 mm; pore size, 0.2 m; type GTTP2500; Millipore), and rinsed with double-distilled water. Filters were stored at Ϫ20°C until further processing.
Enrichment and isolation of marine microorganisms. For cultivation, synthetic seawater was prepared as described by Schut et al. (48 Aliquots (100 l) of unfiltered and filtered (cellulose nitrate filter; diameter, 47 mm; pore sizes, 5.0, 1.2, 0.45, and 0.22 m; Sartorius AG) seawater were either directly spread on plates containing 1% (wt/vol) agar (Difco) or preincubated in a dilution series of the corresponding medium. Colonies were selected randomly from agar plates and subcultured at least three times under the same conditions. 16S rDNA clone library construction. Total nucleic acids were extracted by procedures described by Tsai and Olson (56) from the filters prepared in September and November 1997. Bacterial 16S rRNA primers 8f (5Ј-AGAGTTTG ATCMTGGC-3Ј) and 1542r (5Ј-AAAGGAGGTGATCCA-3Ј) were used to amplify almost full-length 16S rDNAs from total community DNA (9) by PCR (46) . The amplified rDNA was inserted into the pGEM-T vector (Promega Corp., Madison, Wis.) in accordance with the manufacturer's instructions. Competent Escherichia coli JM109 cells (Promega) were transformed and screened for plasmid insertions by following the manufacturer's instructions.
Sequencing and phylogenetic analysis. Plasmid DNAs from selected 16S rDNA clones and amplified 16S rDNAs from isolates were sequenced by Taq Cycle Sequencing and universal 16S rRNA-specific primers using an ABI377 (Applied Biosystems, Inc.) sequencer. All sequences were checked for chimera formation with the CHECK_CHIMERA software of the Ribosomal Database Project (32) , which compares the phylogenetic affiliations of the 5Ј and 3Ј ends. Sequence data were analyzed with the ARB software package (http://www .mikro.biologie.tu-muenchen.de). A phylogenetic tree was reconstructed using neighbor-joining, maximum-parsimony, and maximum-likelihood analyses. Only sequences at least 90% complete were used for tree construction. Alignment positions at which less than 50% of sequences of the entire set of data had the same residues were excluded from the calculations to prevent uncertain alignments within highly variable positions of the 16S rDNA, which cause mistakes in tree topology.
Amplified ribosomal DNA restriction analysis (ARDRA). Purified (QIAquick Purification Kit; Qiagen, Hilden, Germany), amplified 16S rDNAs (approximately 1 g) from all of the isolates were digested with 7.5 U of the restriction endonuclease HaeIII (Promega) for 3 h at 37°C. The fragments were analyzed by polyacrylamide gel electrophoresis, and restriction patterns were compared visually. The diversity of the isolates compared to total culturable diversity by our approach was analyzed by rarefaction analysis (51) . This was performed for all isolates and for all isolated members of the gamma proteobacteria. Rarefaction curves were produced using the analytical approximation algorithm of Hurlbert (26) , and 95% confidence intervals were estimated as described by Heck et al. (24) . Calculations were performed using the freeware program "a RarefactWin" (http://www.uga.edu/ϳstrata/Software.html).
Cell counts, FISH, and oligonucleotide probe design. Total bacterioplankton counts were determined by epifluorescence microscopy of acridine orangestained cells (25) . Screening of isolates and determination of North Sea bacterioplankton community structure were performed by FISH. Cells from a single colony of each isolate were transferred to Teflon-coated microscope slides and immobilized by air drying. After dehydration and fixation with 50, 80, and 96% (wt/vol) ethanol, cells on slides and on filter sections were hybridized with oligonucleotide probes EUB338 (3), ALF968 (36), GAM42a (34) , and CF319a (33) . Counterstaining with 4,6-diamidino-2-phenylindole (DAPI; 1 g/ml) and mounting for microscopic evaluation were performed as described previously (3, 19) .
Oligonucleotide probes ALT1413, PSA184, SAR86-1249, NOR1-56, NOR2-1453, and OCE232 (Table 1) were designed using the PROBE_FUNCTIONS tool of the ARB software package. Their specificity was evaluated with the PROBE_MATCH tool of the ARB package against the rRNA database of the Technical University of Munich (release 12/98). CY3-labeled probes were synthesized by Interactiva (Ulm, Germany). Hybridization conditions for the newly designed probes were optimized by varying the concentration of formamide (37) .
Nucleotide sequence accession numbers. The 16S rDNA sequences of the isolates and clones generated in this study were deposited in GenBank under accession numbers AF172840, AF173962 to AF173976, AF235107 to AF235131, AF239705 to AF239707, AF241653, and AF241654.
RESULTS

Diversity of isolated strains.
In September and November 1997 and February and August 1998, a total of 145 strains were isolated from North Sea surface water. Initial screening by FISH showed the hybridization of 9 with probe CF319a, 11 with ALF968, 110 with GAM42a, and 15 with none of the group-specific probe but only with EUB338. Sequencing and phylogenetic analysis of the latter 15 strains revealed that 1 was related to gram-positive bacteria with a high GϩC DNA content (Arthrobacter spp.) and two strains were affiliated with epsilon proteobacteria (Arcobacter spp.). The remaining 12 strains were found to be gamma proteobacteria of the genera Pseudoalteromonas (10 strains) and Alteromonas (2 strains). Representatives from two out of three Pseudoalteromonas ARDRA patterns (10 isolates) and from one out of five Alteromonas ARDRA patterns (2 isolates) were not detected by probe GAM42a, although they are gamma proteobacteria. Sequencing of the 23S rDNAs of two representatives of each group revealed a single base change from C to T at position 1032 in helix 42 (31) (data not shown), which is the target site of probe GAM42a.
Subsequently, selected clones of each ARDRA pattern were sequenced. Altogether, 95 (35 nearly complete and 60 partial) 16S rRNA sequences of isolated strains were determined, including at least one full and several partial sequences for each ARDRA pattern. Identical HaeIII ARDRA patterns exhibit highly similar full-length or partial 16S rDNA sequences. This was experimentally verified for frequent isolates, i.e., the NOR2 cluster and the genera Vibrio and Oceanospirillum (data not shown). Comparative sequence analysis indicated that 142 of 145 strains were closely related to known marine bacteria (16S rRNA similarity, Ͼ93%; Table 2 ). Only three strains grouping within two gamma-proteobacterial clusters (referred to as NOR3 and NOR4 in Table 2 ) have no known close cultured relative. There was evidence of an effect of filtration and changes in cultivation conditions on the species composition of isolates. Prefiltration of water with a 1.2-m filter fa- (Fig. 1) . Rarefaction indicated saturation of the number of ARDRA patterns within this group, but not for all of the isolates (Fig. 1) . 16S rDNA clones. Fifty-four 16S rDNA clones were randomly selected for sequencing and phylogenetic analysis. Sequences belonged to several clusters: alpha-proteobacterial cluster SAR116, described by Mullins et al. (35) , from Sargasso Sea samples; Roseobacter spp.; four gamma-proteobacterial lineages; and the epsilon-proteobacterial genus Arcobacter.
The most frequent sequences in the clone library (44 of 53) were affiliated with the SAR86 cluster of gamma proteobacteria, first described by Mullins et al. (35) and Fuhrman et al. (16) , from the Atlantic and Pacific Oceans, respectively (Table   TABLE 2 3). We did not screen more clones, since the library was apparently biased toward the SAR86 cluster.
Oligonucleotide probe design. Probes were designed for some of the most abundant gamma-proteobacterial sequences obtained from isolates and direct 16S rDNA sequence retrieval. Probes ALT1413 and PSA184 target Alteromonas and Pseudoalteromonas spp., OCE232 targets Oceanospirillum spp., NOR1-56 targets the NOR1 lineage, SAR86-1249 targets the SAR86 cluster, and NOR2-1453 targets all members of the NOR2 clusters ( Table 1 ). All of the probes have at least one strong central mismatch with a nontarget sequence (1.4 to 2.0 weighted mismatches) (37) , with the exception of probe OCE232, which has only a weak mismatch (0.2 weighted mismatches) with Methylomicrobium album and M. agile. Optimized hybridization conditions are given in Table 1 . In addition, we adapted for FISH the oligonucleotide probes G V and G Rb designed by Giuliano et al. (18) , which are targeted to marine Vibrio spp. and to Roseobacter and Rhodobacter spp., respectively. These two probes encompass all 16 isolates affiliated with Vibrio spp. and all eight strains of Roseobacter spp.
The target groups of all of the probes are shown in the phylogenetic tree of full 16S rDNA sequences in Fig. 2 . This tree was calculated only on the basis of nearly full-length sequences and was corrected by taking into consideration the different results of the various tree reconstruction algorithms. Bifurcations indicate branchings which appeared stable and well separated from neighboring branchings in all cases. Multifurcations indicate tree topologies which could not be significantly resolved based on the available data set.
FISH of plankton samples. For the samplings in September and November 1997, as well as February and August 1998, total bacterioplankton cell numbers and percentages of cells hybridizing with specific probes were determined ( Table 4 ). The total cell numbers in the four samples were between 1.2 ϫ 10 5 (February 1998) and 1.1 ϫ 10 6 (September 1997) cells per ml. In a similar manner, the rate of detection by FISH varied during the year. Only 31% of DAPI-stained cells hybridized with the general bacterial probe EUB338 in November 1997. This rate increased to a maximum of 71% in August 1998.
Bacteria hybridizing with group-specific probes CF319a, ALF968, and GAM42a were found to be abundant (Table 4) . They made up more than half (54%) of all of the cells in August 1998. The most abundant bacteria detected in February 1998 were the alpha proteobacteria, with a maximum of 25%. In August 1998, members of the Cytophaga-Flavobacterium cluster constituted 30% of all of the cells collected and alpha proteobacteria constituted 15%. In September 1997, the percentages of alpha proteobacteria and members of the Cytophaga-Flavobacteria cluster were more or less equal at 24 and 25% of the DAPI counts, respectively. Probe G Rb for the alpha-proteobacterial genera Rhodobacter and Roseobacter hybridized with a significant fraction of the cells detected by probe ALF968. This group was most prominent during August 1998, when it constituted 9% of the total community or 60% of the ALF968 counts. Gamma proteobacteria were detected in a more or less constant fraction of 6 to 9% of the total cells in all of the samples examined. Using genus-and cluster-specific probes, we examined the abundances of readily culturable bacteria of the genera Vibrio, Oceanospirillum, Alteromonas, Pseudoalteromonas, and Sphingomonas and the NOR1 and NOR2 clusters. These never accounted for more than 1% of the total counts. Interestingly, cells detected by G V, ALT1413, PSA184, NOR1-56, and NOR2-1453 were generally large and frequently associated with small clusters of bacteria or particles. Their strong fluorescence with the probes indicated high rRNA contents of cells (Fig. 3) . Members of the as yet uncultured SAR86 cluster were much smaller rods (1 to 2 by 0.5 m) and were less fluorescent (Fig. 3) . They showed a maximum in August 1998, when they represented 10% of the total cell numbers.
DISCUSSION
The cultivation of microorganisms in combination with methods based on the 16S rRNA approach (4) gave insight into the culturable diversity and community structure of North Sea bacterioplankton at various seasons. Numerous isolates were screened and phylogenetically identified, thus assessing culturable diversity. Additional phylotypes were detected by cloning from environmental DNA, and the abundances of isolated bacteria and other phylogenetic groups were determined by FISH.
Culturable bacteria with high in situ abundance. In our study, we found two groups of abundant marine bacteria to be culturable. Members of the genus Roseobacter, formerly Erythrobacter, have been frequently isolated from marine samples as aerobic, heterotrophic, often pigmented bacteria (50) . Sequences related to this genus have also been routinely found in marine clone libraries (16, 18, 35, 42, 55) . A study by González and Moran (21) suggested high abundance in coastal seawater of a large phylogenetic branch of marine alpha proteobacteria, including Roseobacter spp. In our study, we obtained isolates of Roseobacter spp. with oligotrophic medium, found clones related to this group in our North Sea 16S rDNA library, and identified up to 9% of the total counts with probe G Rb. This group was most abundant in the summer, when absolute numbers approach 10 5 /ml. High numbers of members of the Cytophaga-Flavobacterium cluster, from which we obtained nine isolates, can be identified by probe CF319a in North Sea bacterioplankton throughout the year. Our failure to retrieve them in the North Sea 16S rDNA library is likely due to a primer bias (20) , or the number of clones examined may have been too low. Using other eubacterial primers (28), e.g., 8F and 1492R, Cytophaga and relatives have been cloned from macroaggregate samples in the Santa Barbara Channel (12) and from a Bermuda site (16) .
Molecular techniques suggest low in situ abundance of frequently isolated bacterial groups. Our extensive cultivation attempts, which included the use of defined artificial medium, enrichments in dilution series (48) , and direct plating (60) ,   FIG. 2 . Phylogenetic tree based on comparative analysis of 16S rDNA from selected clones and isolates of the alpha and gamma subclasses of Proteobacteria. Brackets indicate probe specificity. Selected sequences from the beta subclass of Proteobacteria were used to root the tree. The bar indicates 10% sequence divergence. proved to be highly selective for gamma proteobacteria. Most isolates were closely related to well-known gamma-proteobacterial genera such as Pseudoalteromonas, Alteromonas, Vibrio, and Oceanospirillum. We also obtained several gamma-proteobacterial clusters for which we had no close relatives in our 16S rRNA database (NOR1-4; Table 2 ). FISH with probes targeting the different genera and clusters of culturable gamma proteobacteria never detected more than 1% of the total counts. Except for Oceanospirillum spp., the cells detected were large, were attached to particles, and had high cellular rRNA contents. The predominant occurrence of Alteromonas and Pseudoalteromonas spp. as attached bacteria had been suggested before (1, 12) . This was supported not only by our FISH data but also by the lack of isolation of these bacteria from the Ͻ1.2-m fraction.
The genus Vibrio, one of the best-known marine taxa, was once claimed to be a major component of the bacterial flora of the sea and to account for nearly 80% of the bacterial community in surface waters of the western Pacific Ocean (52) . Likewise, hybridization of community DNA with oligonucleotide probes targeting 16S rDNAs of culturable bacteria suggested the dominance of gamma proteobacteria, in particular, Vibrio and Photobacterium spp. (44) . Yet, these bacteria could not be detected in situ in high numbers in our study and related sequences were not frequent in our 16S rDNA library. Our results thus suggest that these hybridizations to extracted community DNA overestimated the abundances of particular species.
The good growth on agar plates of some gamma proteobacteria is most likely the result of their specific life strategies, which have been studied in detail for Vibrio spp. (5, 38, 39) . These marine bacteria, which survive carbon starvation for extended periods of time, can grow rapidly at high substrate concentrations with high cellular rRNA contents. It has been shown that upon the onset of carbon starvation a Vibrio strain maintains ribosomes for several days in large excess over the apparent demand for protein synthesis (14) . The cells of Vibrio spp. we detected in situ were all particle attached. Particles are sites of higher nutrient availability, and the large size and high ribosome content of the cells detected could be the result of recent metabolic activity (45) . In addition, colonies of Vibrio spp. were shiny, which is a characteristic of bacteria producing extracellular slime. Cells with the ability to produce a protective matrix seem to colonize surfaces at the solid-air interface more readily than bacteria that lack this feature (2).
We also isolated three strains of Sphingomonas spp. Abundances of 15 to 35% have been reported for this alpha-proteobacterial genus (48) . In our North Sea samples, we obtained no FISH counts above the background with SPH120, a 16S rRNA-targeted probe for sphingomonads (36) . As in the case of the culturable gamma proteobacteria, FISH data alone are insufficient to decide whether the probe target groups were absent or undetectable due to low rRNA contents (47) . Members of the abundant SAR86 cluster remain uncultured. FISH identified up to 10% of the total cells as members of the SAR86 cluster. The small rods were usually not attached to particles, confirming earlier reports that they belong to the free-living fraction of bacterioplankton (1) . Sequences related to the SAR86 cluster dominated our North Sea 16S rDNA clone library (Table 3) . Nevertheless, no strains affiliated with the SAR86 cluster were among the culturable gamma proteobacteria. Rarefaction analysis of ARDRA patterns (Fig. 1) indicated a low probability of discovering new groups of pelagic gamma proteobacteria by analysis of additional North Sea isolates. After the screening of 70 isolates, 18 Ϯ 3 (average Ϯ 95% confidence interval) ARDRA groups were identified and after the screening of 52 additional isolates, only 3 Ϯ 0.3 new patterns were found. Less than one new ARDRA pattern is predicted for the screening of an additional 20 gamma-proteobacterial isolates. We therefore stopped our efforts to cultivate SAR86.
With regard to the in situ abundance and culturability of heterotrophic marine bacteria, we have evidence for three groups: (i) abundant groups that are culturable, such as Roseobacter and members of the Cytophaga-Flavobacterium cluster; (ii) abundant bacteria that are still uncultured, such as members of the SAR86 cluster; and (iii) frequently isolated bacteria of the Vibrio sp. type with possibly low in situ abundance. Our findings are in obvious contrast to the more optimistic conclusions of Pinhassi et al. and Rehnstam et al. that the most abundant marine bacteria are readily culturable (40, 44) .
Although our cultivation attempts failed to isolate new abundant marine pelagic bacteria, the rarefaction analysis of all of our ARDRA patterns ( Fig. 1) (not just those from gamma proteobacteria) clearly indicated that further marine bacteria could have been isolated. With high-throughput molecular screening, and early rejection of laboratory weeds, future isolation efforts could be directed to groups such as the alpha proteobacteria and the Cytophaga-Flavobacterium cluster. This might provide additional good model organisms of marine aerobic heterotrophic bacteria.
Cultivation strategies. Few new genera of marine bacteria have been cultured since ZoBell's experiments with substrateamended seawater (23, 40, 55) . Using a synthetic medium designed by Schut et al. (48) , we may have extended the number of cultured marine species with the strains of our clusters NOR1 to NOR4. Sequences related to the NOR1 cluster have been found in samples from the deep Mariana trench and have been attributed to an unculturable bacterium (30) . Applying an appropriate cultivation strategy, we were, however, able to obtain isolates from this phylogenetic lineage. We thus caution against the premature use of the term "unculturable" for bacteria that are only represented by their rDNA sequences in clone libraries.
We are unable to provide the chemical, nutritional, and physical prerequisites for the growth of all of the microorganisms present in natural seawater. Different marine bacteria react differently to confinement (13) and substrate quality and quantity (54) . Active metabolism and multiplication might be terminated due to enrichment of toxic products, depletion of essential nutrients (53) , and viral infection (58) . The growth state of the bacteria at the time of sampling, whether they are active, starved, or dormant, may also strongly influence the success of cultivation.
In principle, for successful enrichments, the physiological requirements of the target microorganism should be known. Most marine bacteria face an oligotrophic environment, but the definitions of the needs of oligocarbophilic microorganisms are as diverse as they are difficult to justify (49) . Not even the amount of organic carbon per liter sufficient for growth of oligocarbophilic bacteria is agreed upon, and the appropriate types of carbon sources are in dispute. It is not known if defined mixtures of monomers and polymers, undefined substrates like peptone and yeast extract, or naturally occurring substrates like DMSP (29) and algae lysate will be most suitable for the isolation of hitherto uncultured microorganisms. The quantity and quality of substrates may even play a subordinate role. Our oligotrophic medium, with 1 to 10 mg of C per liter, did not select against Vibrio spp. or Pseudoalteromonas spp., which also grow well on rich media (40, 60) . These bacteria are known to resist nutrient deprivation for long periods of time and to regain active metabolism quite rapidly (5), which is a dilemma for cultivation. Strategies that attempt to prevent substrate-accelerated death (41) by initial incubation at very low substrate concentrations, followed by a gradual increase, will therefore be of little use for the isolation of slowly growing bacteria with potentially long lag phases. The role of phages in the control of CFU is also still unresolved. Bacteriophages of known microorganisms from the North Sea are very host specific and, in general, highly virulent (59) . It has been suggested that many bacteria may be apparently unculturable because they are infected by lysogenic viruses (57) .
A further problem could be that as yet uncultured bacteria do not form colonies at the air-solid interface. This should not be confused with the general ability to grow on surfaces or submerged particles. Future cultivation attempts could consider (i) filtration (pore size, Ͻ1.2 m) of the inoculum to remove large, highly active, particle-associated bacteria, (ii) dilution to favor dominant bacteria (10) , and (iii) colony isolation in semiliquid (soft-agar) medium and subsequent subculturing in liquid medium for bacteria unable to grow at the air-water interface.
